two decades (Wills, 1998). This is problematic because the aquifer serves as a drinking water supply for rural
T he Abbotsford-Sumas Aquifer lies within the ag- Nolan and Stoner, 2000; Nolan, 2001) . Nitrate contamiriculturally productive Fraser-Whatcom lowlands nation in the Abbotsford-Sumas Aquifer is unique bethat straddle the U.S.-Canada boundary (Fig. 1) . Intencause it spans extensive agricultural regions in both Britsive agricultural practices in the lowlands, combined ish Columbia and northwestern Washington, making it with high precipitation and well-drained soils, make the difficult to manage. unconfined aquifer susceptible to nitrate (NO Ϫ 3 ) con-A section of the Abbotsford-Sumas Aquifer in southtamination (Tesoriero and Voss, 1997) . In addition to ern British Columbia, referred to here as the British land use in northwestern Washington, agricultural pracColumbia study area ( Fig. 1) , has been the subject of a tices in British Columbia, Canada are affecting water number of studies in the last two decades because of quality in the northwestern Washington area because its high density of agricultural land use. It is called the ground water in the aquifer flows south. Nitrate concen-"raspberry capital of Canada" and also contains a large trations exceeding the USEPA maximum contaminant number of poultry farms and processing plants (Hii et level (MCL) of 10 mg nitrate as nitrogen per liter (mg al., 1999) . Researchers have reported NO Ϫ 3 concentra-N L Ϫ1 ) have persisted in ground water and surface water tions in the study area exceeding the 10 mg N L Ϫ1 MCL in northwestern Washington, despite the implementa- (Liebscher et al., 1992; Wassenaar, 1995 ; Zebarth et al., tion of best management practices (BMPs) over the past 1998; Hii et al., 1999) . Most recently, Hii et al. (1999) summarized NO Ϫ 3 results from piezometers sampled be- from the British Columbia study area and concluded for ground water age and withdraw ground water dethat the primary British Columbia source for NO Ϫ 3 in rived up-gradient in British Columbia. Nitrate data from the aquifer is poultry manure, and to a lesser extent shallow wells and a surface water stream in the study inorganic, commercial fertilizers. Poultry manure was area will be used as an indicator of localized sources also indicated as the dominant N source to the British of NO Ϫ 3 . Columbia aquifer by Zebarth et al. (1998) .
Like the British Columbia study area, agricultural STUDY AREA land use in northwestern Washington is also contributing NO Ϫ 3 to the aquifer. This region is the largest proHydrogeologic Setting ducer of raspberries (Rubus spp.) in the state of WashThe study area encompasses approximately 10 km 2 of the ington and has many dairy farms; therefore, fertilization
Abbotsford-Sumas Aquifer in northwestern Washington, bepractices include a mix of inorganic, commercial fertilizginning at the international boundary (Fig. 2) . Regionally, the ers and animal manure (J. Gillies, personal communicaAbbotsford-Sumas Aquifer is predominately unconfined and tion, 1998). Nitrate concentrations above the 10 mg N covers an area of about 200 km 2 (Liebscher et al., 1992) . The L Ϫ1 MCL have been reported at a number of locations in aquifer is comprised largely of glacial outwash sand and gravel the aquifer in northwestern Washington (e.g., Erickson, deposits with lenses of sand, silt, and clay deposited during the Sumas stage (11 000-10 000 yr ago) of the Fraser glaciation 1998; Cox and Kahle, 1999) . In addition, degraded sur- (Easterbrook and Hansen, 1974) . The thickness of the unconface water quality in the region also suggests contaminafined aquifer is typically about 15 to 25 m, but can range tion due to land use (Wills, 1998; Butkus et al., 2000) .
from 5 to 70 m (Cox and Kahle, 1999 Columbia study area by Liebscher et al. (1992) and Hii et al. (1999) , and by Stasney (2000) for our study area. Underlying
The objectives of this study were to (i) characterize alf) (USDA, 1992) . The soils are thin (0-70 cm) with perme-
Land Use
abilities generally greater than typical precipitation rates (Cox Land use in the study area is dominated by agriculture. In and Kahle, 1999) . Recharge to the aquifer is primarily by 1998, 57% of the study area was comprised of berry fields, precipitation, of which 70% typically occurs between October dairies, corn (Zea mays L.) fields, and grasslands; raspberries and March. Because of the permeable soils and coarse-grained occupied 50% of that area (Nanus, 2000) . Most of the raspaquifer material, recharge is on the order of 60% of the annual berry fields are fertilized by inorganic, commercial fertilizers precipitation (Cox and Kahle, 1999) . The 30-yr rainfall average and may require irrigation between bloom and post-harvest at the Clearbook, WA weather station near our study area is (May-August) due to the decreased precipitation during these 1160 mm, annually. Yearly rainfall for 1997 and 1998 were months (Menzies, 1999) . Fields are irrigated by drip tape, 1.56 and 1.17 m, respectively (Stasney, 2000) . Irrigation is also which is buried in the soil along the edge of each row of common in the summer months in many parts of the region berries, or by overhead sprinkler irrigation systems. Because and is typically on the order of 0.30 to 0.45 m (J. Gillies, the study area also has a high concentration of dairy farms, personal communication, 2001). Discharge regions are small considerable amounts of animal waste are produced. Corn creeks, lakes, and streams. Water level measurements indicate and grasses, grown by dairies for feed purposes, are typically that the water-table depth fluctuated from season to season fertilized by spraying liquid manure from dairy lagoons (J. in the study area and showed the largest variations between Gillies, personal communication, 1998) . Land use north of the the spring and fall seasons of (Stasney, 2000 . The study area, in the British Columbia study area ( Fig. 1 ), is largest overall average variation in water table levels was dominantly raspberry fields with numerous commercial poulapproximately 2 m in the northern half of the study area and 1 m in the southern half.
try barns dispersed throughout the region (Zebarth et al., 1998). The British Columbia region is fertilized primarily by in an iced cooler for transport. To assess NO Ϫ 3 sources in the study area we analyzed N isotopes sampled from ground water poultry manure (Wassenaar, 1995) .
at nine wells and two surface water sites. Wells 2, 5, 7, 9, 10, 13, 14, 17, and 18 were selected because they represent a
Well Locations
spatial distribution in the study area and had high NO Ϫ 3 conWe measured water levels and collected water samples from centrations that would improve the likelihood of identifying 26 domestic wells (Fig. 2) . The selection of the well locations the source of contamination. We sampled each of the nine depended partly on the permission of landowners and wells wells and two surface water sites in February, June, and Octowere chosen to span a distribution along roads in the study ber 1998. Water samples were collected in 1-L Nalgene bottles, area. Most wells were located down-gradient from raspberry which contained acid before collection to fix the solution, and fields and dairy operations. Surface locations of wells were then placed in an iced cooler for transport. established with a global positioning system (Ϯ3-5 m) in the field. Elevations of well casings were surveyed to Ϯ0.003 m
Laboratory Analyses
above mean sea level with a rod and level (Stasney, 2000) . Driller-well logs were analyzed to determine the depths and
The ground and surface water samples were analyzed for screen interval lengths of the sampling wells.
NO Ϫ 2 and NO 
MATERIALS AND METHODS
Field duplicates (5% of all the samples collected) and lab duplicates (10% of the samples) were used for quality assur-
Water Level Measurements
ance. Dissolved oxygen was measured in a flow-through cell The depth to water was measured monthly for 22 months in the field with a Model 85 water analyzer (YSI, Yellow at accessible wells, before any water was removed from the Springs, OH) with a detection limit of 0.1 mg L Ϫ1 . The water well, with a depth-to-water meter with an electrical sounding samples were filtered the day of the sampling with a 0. N) in NO Ϫ 3 is based on methodology discussed by Velinto the inability to measure water levels in several wells, the sky et al. (1989) . Coastal Science Labs estimated standard DBWT was estimated for these wells using information from deviations for ground water N measurements to be 0.8 to drilling well logs, topographic maps, reported well depths, and 1.0% for samples of commonly encountered concentrations static water-level measurements from wells in the general area.
(0.5-5 mg N L Ϫ1 ).
Water Sampling Data Analyses
Twenty domestic wells were sampled monthly between The ground water NO Ϫ 3 concentrations, reported here as mg April 1997 and January 1999 to characterize spatial and tempo-N L Ϫ1 , are categorized according to Tesoriero and Voss (1997) . ral water quality parameters in the study area (Fig. 2) . Six They used NO Ϫ 3 concentrations greater than 3 mg N L Ϫ1 as additional domestic wells (Wells 6, 16, 24, 25, and 26; Fig. 2) an indicator of contamination due to anthropogenic effects were sampled intermittently. Sampling of Wells 6 and 24 and to predict aquifer susceptibility and vulnerability in the through 26 depended on permission from landowners, and Puget Sound region. The 10 mg N L Ϫ1 MCL was used as a Well 16 was replaced by deep Well 25 in August of 1998. second NO Ϫ 3 concentration category. The water quality data Water samples were collected consistently from the same locawere not normally distributed and heteroskedastic; therefore, tion, which was the closest tap to the well. After static water we examined the ground water NO Ϫ 3 concentrations using levels were measured, the wells were purged at the standpipe nonparametric graphical and descriptive statistics. These analfor approximately 10 min, or until the specific conductance yses include boxplots showing the minimum value, the 25th stabilized to remove any stagnant water. A 1-L flow-through quartile, the median value, the 75th quartile, and the maximum cell was used to minimize atmospheric interactions. Water value (Carlson and Thorne, 1997 ) and Kendall's correlation samples were collected in 500-mL, 2 M hydrochloric acidanalysis (Helsel and Hirsch, 1992) . The DBWT was used to washed Nalgene bottles (Nalge Nunc International, Rochesseparate NO Ϫ 3 concentrations measured from deep and shalter, NY) for nitrate ϩ nitrite and nitrite (NO Ϫ 2 ) analyses. All low regions of the aquifer. Wells with DBWT levels less than bottles were rinsed three times with the sample before collec-10 m were considered to be shallow, whereas wells with DBWT tion, then placed in an iced cooler for transport. levels greater than 10 m were considered to be deep. Surface water samples were collected in November 1997
Stable isotope ratios were used to differentiate between and February and May 1998, at 12 locations along a 2.4-km inorganic, commercial fertilizers and animal waste as NO Ϫ 3 reach of Pangborn Creek, which dissects the central portion sources (Flipse and Bonner, 1985; Exner and Spalding, 1994 ; of the study area (Fig. 2) . Pangborn Creek is a discharge zone Wassenaar, 1995; Igbal et al., 1997 considerable variability among wells (Fig. 4) , indicating NO Ϫ 3 "anomaly" wells, which were possibly influenced that the concentration of ground water NO require large vertical gradients to deliver NO Ϫ 3 to these contamination observed in the British Columbia study area (Hii et al., 1999; Zebarth et al., 1998) . Using flow well depths, and the vertical hydraulic gradients are minimal in the region (Zebarth et al., 1998) . The unconnet analyses and a 20 mg N L Ϫ1 load to the water table, Hii et al. (1999) predicted NO Ϫ 3 concentrations averagfined aquifer in this region is a highly conductive mixture of gravel and sand where ground water flow is domiing 10 mg N L Ϫ1 crossing the international boundary into some locations in northwestern Washington. nantly horizontal to the southeast (e.g., Cox and Kahle, 1999; Stasney, 2000) . The elevated NO Ϫ 3 concentrations Nitrogen isotope ratios analyzed from water samples from three deep wells (Wells 5, 7, and 9) were used to in these wells are probably the result of sources further north (up-gradient) in British Columbia. It is also likely test a British Columbia source hypothesis. Two of these wells, Wells 5 and 9, had the highest median ␦
RESULTS AND DISCUSSION

15
N values that the elevated NO Ϫ 3 concentrations of 13.5 and 7.6 mg N L Ϫ1 at the more southerly Wells 25 and 26, respecof all the wells measured in the study area, 8.3 and 9.5‰, respectively (Table 1 ; Fig. 5) . These values suggest an tively, are related to British Columbia sources because of their depth. We estimated a regional background animal source, probably poultry manure (Wassenaar, 1995) . Eighty percent of Wassenaar's ground water ␦ 15 N concentration in the study area to be 10.7 mg N L Ϫ1 , which is the median concentration of the NO Ϫ 3 measurevalues were between ϩ7 and 16‰. The median ␦ 15 N value from the other deep well, Well 7, was 0.3‰, which ments from the contaminated deep wells in the study area (5, 6, 7, 9, 25, 26) . This value is in the range preis surprisingly small, but consistent with the types of inorganic, commercial fertilizers used in the British Codicted by Hii et al. (1999) , who used hypothetical modeling to simulate a similar stratification and deep aquifer lumbia study area. Although limited, when coupled with the proximity of the wells to the international border in water our data between April 1997 and January 1999, clearly MCL would suggest localized sources. Median values depicts a significant plume migrating past Well 9 beof eight shallow wells (1, 2, 10, 13, and 17) meet this tween mid-1995 and mid-1997 that is similar in shape criterion (Table 1) , whereas Wells 14, 18, and 24 had to those observed in the British Columbia study area median NO Ϫ 3 concentrations of 22.9, 19.9, and 25.3 mg (Fig. 6) . The drop in concentration is probably due to N L
Ϫ1
, respectively (Table 1) . Measured NO Ϫ 3 concena combination of lower recharge and a change in N trations in the wells also showed the most variation loading. Unfortunately, we do not have a consistent during the study (Fig. 3) , suggesting that they are more time series before April 1997 at the other deeper wells responsive to land use changes because of their excepin our study area to document a similar pattern, but we tionally shallow depth (Ͻ5 m). believe this plume could have migrated through the Degraded surface water quality in Pangborn Creek entire study area.
also suggests contamination in the study area due to local contributions (Nanus, 2000) . Median NO Ϫ 3 values
Shallow Aquifer Contamination
in Pangborn Creek increased from about 6.0 mg N L
Ϫ1
near Pangborn Lake to about 9.0 mg N L Ϫ1 at the eastBivariate and multivariate statistics support a stratiern-most site (Fig. 2) . The highest NO Ϫ 3 values measured fied distribution of NO ) and land use in our study area contributed to ground water the lowest in November 1997 (median 5.9 mg N L Ϫ1 ), contamination. This was expected because the majority and this range relates to seasonal rains and spring nutriof the land use in the study area is agricultural (Fig. 3) . ent applications in the region. Median NO Ϫ 3 values for If we assume a background NO . Pang-born Creek is a discharge zone for the aquifer, but nitrate or a mix of animal and inorganic fertilizers sources, an interpretation consistent with the fertilizaalso receives surface runoff from adjacent croplands via drainage ditches. The creek is listed as "impaired" and tion practices in the study area (Fig. 5) and 20 are shallow wells down-gradient of a large gravel measured from the shallow wells were not conclusive, mining facility in the southern portion of the study area, but suggest local agricultural sources for the NO Ϫ 3 conwhich suggests that land use may have influenced some centrations in the shallow portion of the aquifer in the of these low NO Ϫ 3 concentrations (Fig. 3) . The low study area. Qualitatively, the shallow wells with the NO Ϫ 3 values may also be the result of denitrification highest median NO
) were downfacilitated by organic carbon or iron, or both. Denitrifigradient of agricultural land use areas (Fig. 3) . Whereas cation has been shown to be reducing NO Ϫ 3 concentrathe British Columbia study area was dominated by poultions near the water table in the aquifer, especially in try manure fertilization, croplands in our study area areas where manure is applied (Paul and Zebarth, were fertilized by a mix of fertilizers. Regions identified 1997a,b; Paul et al., 1997) and in riparian zones (Tesoras dairy in Fig. 3 and 5 represent lands applied with iero et al., 2000) . Although Wassenaar (1995) concluded dairy manure (e.g., corn, grasses, and pasture); regions that no significant denitrification was occurring deeper marked as raspberries are typically fertilized with inorin the aquifer, it does occur in isolated zones having ganic, commercial fertilizers. It is difficult to ascertain iron-containing minerals, where reduced forms of iron the exact agricultural source associated with the ele-(e.g., pyrite) serve as electron donors in denitrification vated NO Ϫ 3 concentrations at a particular well from the reactions (Tesoriero et al., 2000) . We did not measure ␦ 15 N data because of potential isotopic enrichments of iron or byproducts associated with denitrification (i.e., 15 N due to denitrification (Herbel and Spalding, 1993 ) N 2 gas). and the mixing processes that are associated with nonpoint contamination in the unconfined aquifer. Al-CONCLUSIONS though denitrification is probably occurring in isolated regions, we do not believe it is widespread in the aquifer.
For a period of 22 months, we measured NO Ϫ 3 concenWassenaar (1995), for example, determined from ␦ ) were found in the shallow region an unconfined aquifer by irrigation wells and screened of the aquifer and were linked to northwestern Washingdomestic wells can cause localized lateral and vertical ton sources by using a combination of N isotope results, mixing of water and facilitate plume mixing. Moreover, local agricultural land use relationships, and contamiirrigation can redistribute NO Ϫ 3 contaminated water on nated surface water in the study area. We also measured the ground surface, which can elevate ground water NO 
